Abstract-This paper reports a Fabry-Perot tunable optical filter for application in clinical analysis, especially to measure the concentration of biochemical substances in biological fluids. Its tunable characteristics enable the measurement of different biochemical substances with the same device. It is composed of two parallel thin silver mirrors with a 1-PVDF (Poly(Vinylidene Fluoride) in its D phase) film in-between as the resonance cavity. The filter is tuned by adjusting the space between the mirrors through an electric voltage inducing dipolar orientation in the [-PVDF film. Once the thickness changes of the 1-PVDF film is due to variations at a molecular level, the changes are rather homogeneous within the samples. As a result, this approach achieves parallelism between the two mirrors, which is a complex problem to solve in conventional Fabry-Perot optical filters. Moreover, compared with an array of non-tunable optical filters with different cavity lengths, usually used to solve the parallelism problem, this device has a reduced area, its fabrication process is easier and it covers a wider spectral range. In addition, when used as a part of a biological fluids analysis system, it avoids the need for expensive optics and enables low-cost and portable devices, which would improve the use of spectrophotometric analysis in clinical diagnostics.
I. INTRODUCTION
For diagnostic reasons patients in a hospital are often subjected to biochemical analysis of their biological body fluids, such as blood or urine. Usually the analyses are carried out in clinical laboratories and the results become available after several hours, sometimes days. As a consequence, a reliable diagnosis cannot be performed within the consultation time. Mistakes in the logistics, such as lost samples and mislabeling, may further delay diagnosis [1] . The automated equipment used in a state-of-the-art laboratory reduces errors, but use high sample and reagent volumes, making the analysis systems expensive and does not contribute to patient comfort [2] . Outside the laboratory environment, reagent strips are commercially available [3] . They provide a color when a fluid sample contacts the strip. However, such strips are intended for a limited set of biomolecules to be analyzed and the readout of color is merely qualitative (by visual inspection). The need for rapid and in-situ measurements led to the development of small and portable devices that provide an instantaneous result with the same performance achieved using the state-of-the-art clinical laboratory equipments.
This paper describes a tunable optical filter, based on Fabry-Perot thin films optical resonators, for application in clinical analysis devices, especially for colorimetric measurement, by optical absorption, of the concentration of biochemical substances in biological fluids, featuring white light illumination for the color readout.
II. BACKGROUND OF COLORIMETRIC ANALYSES
In clinical diagnostics, the colorimetric detection by optical absorption is the spectrophotometric analysis technique most commonly used to determine the concentration and/or amount of a particular biochemical substance in biological fluids samples [4] . In colorimetric analyses, a fluid sample is mixed with a specific reagent, proper for the biochemical substance being analyzed, and, from that mixture, a colored product is obtained. The intensity of that color is directly proportional to the concentration of the biochemical substance in analysis and the absorption spectra of the mixture show a maximum peak at a specific wavelength [5] . As an example, for determining the total protein concentration in a blood sample the mixture has an absorption maximum at 595 nm (Fig. 1) . The color readout needs a wavelength dependent light source for illumination provided by a monochromator or laser, which are expensive devices. The use of selective optical filters enables measurements using a regular white light source, avoiding the use of those complex and expensive optical systems and ensuring analysis at any location with instantaneous results. The device operation is based on colorimetric detection by optical absorption. A white light impinging spectrum is filtered, by the optical filters, to a narrow spectral band centered at the wavelength at which the colored mixture has its absorption maximum. The intensity of the spectral component transmitted through the colored mixture is measured using a photodiode and readout electronics that allows simpler computer interfacing. The film i has a wave traveling to the right, E+, and another one traveling to the left, E-. They make an angle Oi to the normal of the interface. The film has a refractive index ni and a thickness di (not represented in the figure). Film 0 (at the right side) is the exit medium and the film q (at the left side) is the incidence medium. Usually, the incidence as well as the exit media of a film stack is constituted by air.
Assuming that the stack of thin films forms an optical filter, the beam of incident light is E, the reflected one is Eq and the transmitted one is E+. E0 is equal to zero, once it is considered the case in which there is only one light source on the left side of the filter. In the case that several light sources exist, each one can be analyzed separately, once it is estimated that the optical medium is linear and the superposition theorem is valid [10] . From here, only the values of the electric fields Eij, Eq and E+ are important. All the other fields have interest only for the attainment of the three last ones.
F. Opticalpath
The phase thickness of the film i in the case of the light with normal incidence is given by: 2zTuidi gi1 where di is the thickness of the film and A the wavelength of the light in the free space. The phase thickness represents the variation in phase that the light suffers when crosses the film [11] . In the most general case, where the light arrives with an angle 0i, the expression of the phase thickness is:
2Tuiudi COSO where the angles Oi are determined from the Snell law: Uq sinOq = ui sin Oi = uo sin O0 .
The variable ui will be upi in the polarization p and u,i in the polarization s. Notice that, in the case of the film i absorbing light, ui is a complex quantity, what makes i a complex number too.
G. Equations in the interface between twofilms
First, it is assumed that the phase of the waves is zero in the interface between the films i and i -1. In other words, the phase is zero at the right side of the film i. In the interface between the film i + 1 and i, at the left side of the interface the fields E1+1 and E1 1 are present, and at the right side are present the fields E1 e-gi and E1 e-jgi where ejgl and e-jgi represent the phase shifts suffered by the electromagnetic waves along the film i.
Using the boundary conditions described previously, it comes to the interface i + 1, i:
It is convenient to define now: Ei = E+ + E1 and Hi = Hi + H-, where Ei and Hi are the total fields in the interface between the films i and i -1 . Knowing that Hi+ = +uE , then: In a similar way, the following value for the magnetic field in the interface i + 1, i is obtained:
H1+l jui sin giEi +cosgiHi (6) The equations (5) Combining the equations (8), (9) In this case, the incidence and the exit media are constituted by air, whose refractive index is approximately equal to 1. As uq = uo 1, Equation (11) becomes:
where MH and ML represent the film matrixes of the high and low refractive index films respectively, and are given by equation (7). The transmissivity of the filter is then calculated using equation (12) . By analyzing equations (7) and (13), it is possible to conclude that the transmissivity of the Fabry-Perot optical filter depends, among other parameters, on the thickness of the low refractive index film. Actually, the resonant condition is achieved when the phase change in the low refractive index film is null, i. e. cos L= 1 . This condition is achieved making gL = kzTUL, k=O, 1, 2, ... Therefore, in a Fabry-Perot optical filter the thickness of the resonance cavity determines the tuned wavelength.
J Piezoelectric Polymer
As the best all-round piezoelectric polymer is still Poly(Vinylidene Fluoride) -PVDF, in its P-phase, this material was used as the resonance cavity of the Fabry-Perot optical filter. PVDF is a polymer with interesting piezoelectric properties, which allows important electro-optical, electromechanical and biomedical applications. This polymer shows at least four crystalline phases called a, J, y e 6 [12] [13] [14] . The one with the best piezo-and pyroelectric properties, after poling, is the D phase [14] . Until recently, this phase was exclusively obtained by mechanical stretching of films originally in the non-polar oc phase [12, 13, 15] , which is the most stable one from a thermodynamic point of view and directly obtained from the melt. This process results in films mostly in the D phase, but with a small percentage of oc phase material [16] [17] [18] [19] . Unoriented films exclusively in the D phase were obtained from the crystallization of PVDF from solution with N,NDimethyl Formamide or Dimethyl Acetamide at temperatures below 700C. The electromechanical properties of the film were improved by high temperature pressing. This process is being patented [20] .
As the material is piezoelectric, two effects can be used in order to be implemented in the filter: the application of an acvoltage that will change the dimensions of the film or the application of a dc-voltage that will mainly act on the dipolar orientation and consequently in the polymer dielectric response. Whereas in the first case, the thickness variation will affect the wavelength response, in the second case, the transmittance will be affected.
In this investigation we will report mainly on the first approach. One of the main advantages of the present approach in comparison to the more traditional ones is that the variations in thickness and/or dielectric properties are due to variations at a molecular level, so, the changes are rather homogeneous within the samples. This reflects itself, for example, in the ability to maintain parallel mirrors, other wise a problem in conventional Fabry-Perot systems.
IV. DESIGN AND FABRICATION
In order to fabricate the optical filter, two thin layers of silver used as the mirrors were deposited on both sides of the film (Fig. 3) .
A. Film deposition Fig. 4 shows a schematic diagram of the evaporation system used in the deposition of the silver films on the 3-PVDF film. It consists in a vacuum chamber where the pressure reaches 10-6 mbar. An evaporation boat containing the silver sample is placed in its interior. The boat is heated by means of an electric current ranging between 100 A and 200 A. At the top of the chamber the f-PVDF film, where the deposition is made, and two mass sensors are placed. In order to deposit the thin film of silver on the f-PVDF, the electrical power applied to the boat must be increased slowly. When the temperature of evaporation of the silver is reached, the mass sensors will indicate a change in the thickness (mass) attached to them. At this point, the electrical power must be kept constant. When the sensors indicate that the silver thickness is equal to 30 nm, the power supply is switched off and the deposition of the first silver film is complete. The second silver film is deposited by turning upside down the f-PVDF film and repeating the previous procedure. Fig. 5 shows the Fabry-Perot optical filter. B. Readout electronics In order to read the filter response, a monochromatic light source with adjustable wavelength and a photodiode was used. The main problem of a photodiode readout circuit is its performance relatively to the diversity of noisy signals that are into play. Ideally, a photodetector responds to a photon flow D with an optic power P = hvD, generating an electric current proportional to the flow:
where h is the constant of Planck, v is the frequency of the incident light, e is the electron charge, 7 is the quantum efficiency of the device and R = (7je)l(hv) is its responsivity.
In reality, the device generates a random electric current i whose value changes around its average value I = ip. These random fluctuations, that can be seen as noise, are characterized by its standard deviation ci where i ((i i)2) For a zero average current, the standard deviation is equal to the rms value of the current, i. e., vi =+X. Some noise sources are inherent to the photon detection process [21] : -Photon noise. The most basic source of noise is associated with the fact that the photons that arrive to the detector are random. This process is normally described by the statistical distribution of Poisson [22] .
Photoelectron noise. For a detector with quantum efficiency 7 < 1, each photon generates an electron-hole pair with the probability 7j, but it fails the objective with the probability [1] [2] [3] [4] [5] [6] [7] . Due to its randomness, this process of carrier generation acts as a noise source.
Photocurrent noise. The flow of photoelectrons causes an electric current in the circuit, where the photodetector is placed. It depends, beyond the properties of the photoelectron flow, on the time response of the photodetector.
Readout circuit noise. The components that form the readout circuit, such as resistors or transistors, contribute to the noise of the reception circuit.
Background noise. The background noise is caused by the photons that reach the detector proceeding from undesirable external light sources.
-Dark current. The dark current is present even in the absence of light. This noise results from the fact that electron-hole pairs are randomly generated by thermal processes or tunneling effect.
-If noise. This form of noise is perhaps the most studied and at the same time the worse understood. It is characterized by its power spectrum, which decreases quickly with the frequency (1/). Concluding, the signal that reaches the detector has the intrinsic photon noise. The photoelectric effect converts the photons into electron-hole pairs. In this conversion, the average value of the signal decreases 7 times. The noise also decreases, but less than the signal. This makes that the signal to noise ratio of the photoelectrons is lower than the one of the incident photons. At this level, the noise caused by the dark current, the background noise and the 1/fnoise are added. Finally, the noise of the readout circuit is added at the point in which the current is read. From the above discussion, it is possible to identify three noise sources that, having some care in the design of the experimental setup, it is possible to reduce substantially: the readout circuit noise, the background noise and the dark current. In order to reduce the readout circuit noise, it must be used precision resistors, with low temperature coefficients and low offset operational amplifiers. In order to reduce the background noise, special care must be taken with the external light sources. In the present case, the experiments were made in a dark room and the optical setup was placed inside a black box. The dark current is exponentially related with the inverse bias voltage applied to the photodetector [21] . In order to reduce this noise, the photodetector must be biased with a voltage as low as possible. Fig. 6 shows a circuit that biases the photodiode with a null inverse voltage. Its implementation is shown in Fig. 7 . The photocurrent i generated in the photodiode passes through RI and R2, making that the voltage at the output of the first operational amplifier is vo1 -(R1 + R2 )i. The voltage at the circuit output will then be vo = (R1 + R2 XR4 IR3 )i.
V. EXPERIMENTAL RESULTS
The experimental arrangement used in the measurements comprises a 250 W quartz tungsten halogen lamp with a monochromator ORIEL Cornerstone 130TM (1200 g/mm grating with a spectral dispersion of 6.6 nm/mm and a spectral resolution of 0.5 nm) that is used as light source. An optical fiber is also used to direct the light into the black box. The photodiode is the low dark current S1787 from Hamamatsu.
In the first experiment, a 5 V sine wave was applied to the mirrors of the Fabry-Perot optical filter. Fig. 8 shows the measured values for several incident light wavelengths. The conclusion that can be taken from this figure is that for each wavelength, the optical response of the filter changes with the applied voltage. Fig. 9 shows the response of the filter as a function of the wavelength. In order to obtain this graph, a similar procedure of the Fig. 8 was used for each wavelength. When the voltage applied to the filter crossed some values, its response was taken, originating the graph of Fig. 9 . From this figure, it is possible to see once again that the filter response changes systematically with the applied voltage. -L 580 600 620 640 660 680 700 X(nm) Fig. 9 : System response in function of the wavelength, when the sinusoidal voltage applied to the filter has some specific values (shown in figure) .
VI. CONCLUSIONS
The concept, a theoretical analysis, the fabrication and the performance of a tunable Fabry-Perot optical filter with a piezoelectric polymer as the resonance cavity were proved and reported. The filter can be an integrated part of portable (bio)chemical micro total analysis systems once it enables the spectrophotometric measurements using only white light source. The major advantage of this design is the ability to maintain parallel mirrors, during the tuning of the filter, due to the material in its cavity, which features thickness variations at a molecular level. As a future work, it will be fabricated a tunable Fabry-Perot filter based on f-PVDF, with a thickness near 300 nm. The theoretical analysis shows that with this piezoelectric material it is possible to obtain a tunable filter that acts in the range of the biomolecules reported in the introduction of this article.
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